Measurements of infrared optical parametric fluorescence are reported for the first time. Using a pump wavelength of 1.064 ,u in LiNbO 3 , observations of the fluorescence power, bandwidth, and angular dependence at 1.63 are in good agreement with a plane-wave theory. The operating characteristics of two pulsed, internal, doubly resonant parametric oscillators are also reported and compared with predictions of the fluorescence measurements.
Introduction
The recent advent of tunable coherent sources has greatly increased the potential usefulness of laser-related devices. Because of its versatility and wide tuning range, the optical parametric oscillator (OPO) is emerging as one of the most important sources of tunable coherent radiation, particularly in the infrared portion of the spectrum. With a few exceptions,1-5 most reported OPO systems have used pumping lasers emitting in the visible. 6 -1" The reports on infrared-pumped oscillators have not given detailed operating characteristics, and there have been no infrared measurements of parametric fluorescence, the basic process that drives an OPO. This paper attempts to fill some of the gaps in the current literature on infrared-pumped OPO systems. We report for the first time detailed measurements of infrared parametric fluorescence using a technique that should be applicable to other potential infrared OPO systems. Parametric fluorescence data are very useful in evaluating a potential laser-nonlinear crystal OPO system since the crystal nonlinear coefficient' 2 as well as the OPO tuning curve 5 13-15 and expected bandwidth' 2 can be measured before the OPO is constructed. Following a discussion of the fluorescence results, we present detailed observations on the properties of two 1.06-,u-pumped, doubly resonant, pulsed, LiNbO 3 parametric oscillators. The oscillators use the internal configuration, where the OPQ is placed inside the pump laser resonator. The observed threshold and bandwidth of the two oscillators exhibit only approximate agreement with theory, although the tuning characteristics are accurately predicted. In terms of the available 1.0 6 -g power, reasonable average power conversion efficiencies (-10%) and good peak power conversion efficiencies (c50%) are observed. The multiple pulsing that is characteristic of internal, pulsed OPO systems1 6 is observed, and the first observation of OPO longitudinal mode structure is reported.
Parametric Fluorescence

A. Theory
Parametric fluorescence was first discussed in 1961 by Louisell et al.1 7 Since that time, comprehensive theoretical treatments have appeared12"1 8 "1 9 along with numerous experimental observations.12-15,20 For later comparison with experimental observations, we review here some of the theoretical properties of parametric fluorescence. The following discussion follows the plane-wave analysis of Byer and Harris.12 The signal fluorescence power at w1, within dj, and emitted in the small solid angle 2 d is given by
where sinc(x) = sin(x)/x, P 3 is the pump power, and, K is a constant given by Byer and Harris.' 2 By using a Taylor series expansion about the collinear phase-matched frequencies, the phase mismatch can be written for small angles as
where 0 is the angle between the pump and signal wave vectors. The frequency in Eq. (2) is defined as the deviation from the collinear phase-matched frequencies (w -w -10 = W20 -W2)-The expansion coefficients in Eq. (2) are thus
b= [ 
The fluorescence power incident on the detector within a small bandwidth dw, is found by integrating Eq. (1) (6) where 0 is the detector acceptance angle, fi = (bow + blw 2 )1/2, and
When the second-order term b 2 in Eq. (2) can be neglected (this is usually a good approximation far from degeneracy where wL = 2), integration of Eq.
(6) over all w, gives the total fluorescence power as'
The total power varies as 02 and increases near degeneracy since bo goes to zero. The fluorescence bandwidth for a given 0 and dwL is found from the full width at half-maximum 
It can be seen from Eq. (9) that the bandwidth is constant for small angles but varies as 02 for large angles. Like the total power, the bandwidth varies as 1/lbol and thus increases near degeneracy. The approximate power per unit bandwidth away from degeneracy is found by dividing Eq. (8) by Eq. (9):
Note that the power per unit bandwidth approaches a constant value for large acceptance angles.
B. Experiment
We report here the first measurements of parametric fluorescence at wavelengths longer than 1 ,u. The experimental arrangement used for our measurements is shown in Fig. 1 . The LiNbO 3 nonlinear crystal was cut with a phase-matching angle of 490 and was antireflection coated so it could be placed inside the 1.064-,i Nd:YAG laser. Both laser mirrors were highly reflecting at 1.06 , and the one nearest the LiNbO 3 crystal was highly transmitting from 1.4 to 2.5 . In our experiments, the laser were operated cw in order to avoid damage to the crystal AR coatings. compromise between resolution and an acceptable signal-to-noise ratio. The solid theoretical curves are computed using Eq. (6) and the index data of Hobden and Warner. 2 1 Because of the difficulty in obtaining an absolute calibration of the detection system at 1.63 u in terms of the in-crystal fluorescence power, the experimental points are normalized to the theoretical peak for each value of 0. The theoretical crystal temperature was chosen so that the peak of the = 0.4° curve occurred at the experimentally observed wavelength and differed from the experimental oven temperature by +3. theory to experiment, the crystal was heated 5.2 0 C by the pump power. Several of the qualitative features of the fluorescence theory are evident in Fig. 2 . The full width at half-maximum bandwidth is nearly constant for small angles and the peak power (in our 20-A bandwidth) becomes constant for large angles. For a 40-W pump, this limiting power corresponds to an in-crystal fluorescence power of 6.0 x 10-10 W. The approximate transmission of the optical system at 1.63 was 10% so that a maximum of 6 10-" W of power was incident on the PbS detector.
The total fluorescence power as a function of 2 is shown in Fig. 3 . The solid curve is found by integration of Eq. (6) over wv1; the dashed line is found from Eq. (8) . Since X, is far from degeneracy, Eq. (8) accurately predicts the angular dependence of the total power. The experimental points in. The tuning curve of the 1.064-,-pumped fluorescence is shown in Fig. 6 . This is the tuning curve to be expected from a parametric oscillator using the same LiNbO 3 crystal and pump wavelength. To compare the experimental data with theory, two corrections must be made. First, the tuning data were taken with an acceptance angle of 0 = 0.40. The peak of the monochromator scans will thus be shifted from the actual collinear wavelengths by an amount that depends on the crystal temperature. The experimental wavelengths are corrected for this shift using the index data of Hobden and Warner. 2 ' Second, the theoretical curve was shifted by +1.9 0 C (result of total power measurement; see Pearson et al. 5) , and the heating of the crystal was accounted for by increasing the oven readings by 5.2 0 C to find the actual crystal temperature. With these corrections, the solid theoretical curve in Fig. 6 agrees nicely with the experimental data.
Finally, the theoretical minimum bandwidth calculated from Eq. (9) with = 0 is shown in Fig. 7 along with several experimental points. This is the Pthresh.
(one-way power) J700 100 W, X 2
(450 i 100 W, X 1.6 .
With an estimated one-way loss at both OPO frequencies of 2.5%, the computed threshold 2 7 for both oscillators was -300 W. The agreement is reasonable considering the approximate nature of the loss estimate (mainly mirror scatter) and the uncertainties in the experimental measurement.
A maximum average power of 6 mW at one frequency was observed from both the 1 . 6 -y and 2.1-,4
oscillators. The average power varied by as much as a factor of 3 over the tuning range of each OPO. The observed pulse width was 25 nsec so that 6 mW corresponds to 600 W of peak power. The peak powers may be higher since the observed pulse width was nearly equal to the detection system response time.
bandwidth to be expected from a nonsteady-state parametric oscillator when the pump power is not strongly depleted. The experimental values were found by measuring the bandwidth with 0 = 0.4° and correcting the results by a temperature-dependent factor to give the bandwidth for = 0. The data have also been corrected for crystal heating and the theoretical curve shifted by +1.9 0 C as explained above.
1 .064-/u-Pumped Parametric Oscillation
In order to evaluate the usefulness of parametric fluorescence in predicting the properties of an OPO, two doubly resonant, 1.064-g-pumped parametric oscillators were constructed. One oscillator operated near degeneracy (Xl -X 2 -2.1 y), and the other was nondegenerate (XL -1.6,q, X 2 3.2 ). The oscillators were operated internal to the Nd: YAG laser cavity and the laser was Q-switched at 400 Hz by a rotating mirror. The highly reflecting OPO mirrors were coated directly on the plane-parallel surfaces of the 5.5-mm LiNbO 3 crystals. A similar OPO design has been reported by Ammann et al. 2 A photograph of the Nd:YAG' laser and OPO crystal oven is shown in Fig. 8 .
This particular OPO laser design is particularly appealing because of its simplicity and compactness and because the number of components inserted into the laser is minimized. The OPO resonator is also automatically aligned. The internal OPO configuration allows maximum utilization of the available laser energy since the output coupling is provided by the OPO. Theoretically, 100% conversion of the available 1.0 6 4-,u average power to the OPO frequencies is possible, 2 5 and such operation has recently been observed by Ammann. 2 6 The oscillator thresholds were found by turning down the laser drive power and measuring the polar- With the OPO in the laser but below any oscillation temperature, the maximum polarized laser output power was 60 mW average and 1200 W peak (400-Hz, 130-nsec pulse). In terms of this available 1 . 0 6 -,g power, both oscillators had a maximum average pump power conversion efficiency at each frequency of only 10%, but the peak power conversion efficiency was 50%. These efficiencies take into account only the power out one end of the OPO. Since an equal amount of power exits from the other end of the oscillator, the overall efficiencies are twice the above numbers. These efficiencies are comparable with those reported for many pulsed external OPO systems" 28 but because of the high mirror reflectivities are still far short of the 100% average power efficiency observed by Ammann. 2 6 For spectroscopic applications, the bandwidth and frequency stability of an OPO are important parameters. Both of these quantities will be adversely affected by mechanical and thermal instabilities, by pump frequency instabilities, and by the degree to which steady-state operation is achieved. In the oscillators reported here, mechanical instability of the OPO is not an important factor since the mirrors are coated directly on the nonlinear crystal and carefull oven design minimized the effects of temperature variations. The pump laser stability and the degree of steady-state operation were thus the limiting factors.
The tuning ranges and FWHM power spectral bandwidths are shown in Fig. 9 for both oscillators. The idler tuning range corresponding to the OPO of Fig. 9(b) is roughly 2.90 ji to 3 .55 . The oscillator tuning characteristics were almost identical to the fluorescence tuning shown in Fig. 6 . The observed bandwidths were only 10% of the fluorescence bandwidth, in contrast to a much closer agreement reported previously, 2 9 so the solid curves in Fig. 9 are normalized to the experimental data at the single point indicated by the large circle. The agreement of the experimental data with theory in Fig. 9 is only qualitative (larger bandwidth near degeneracy), and there is a large amount of scatter in the experimental data.
Although the observed bandwidth varied significantly from one operating point to another, the oscillator operation was quite stable and reproducible. The multicluster frequency instability usually associated with a doubly resonant OP06, 30 was rarely observed. The center operating frequency was reproducible to within one or two multiples of the bandwidth over many system on-off cycles if the op- tical alignment was not disturbed. The fact that the OPO bandwidths were smaller than the fluorescence bandwidths can be attributed to near-steady-state operation and to the cavity-dumping behavior of an internal PO. 16 Both mechanisms can prevent lower-gain OPO frequencies from reaching significant oscillation levels.
Typical monochromator scans for two oscillators are shown in Fig. 10 . The observed structure corresponds exactly to the longitudinal mode spacing of the OPO resonators and, to our knowledge, is the first reported observation of such distinct mode structure in an OPO. This type of spectrum was observed in the output of one pair of oscillators at all output powers and at all oscillation frequencies but was much less apparent in the output of two other pairs of oscillators that were pumped by a higher power laser. The precise reason for the appearance of the longitudinal mode structure in only one of the three pairs of oscillators is not understood, but it is suspected that the lower power laser plus OPO had a single-frequency pump, while the other laser-OPO combinations had a multifrequency pump. It is straightforward to show that a multifrequency pump would tend to wash out any OPO mode structure. 2 5 The OPO transverse mode structure was studied at 1.6 ,u using an image converter. Because of the flat-flat OPO resonator configuration, the oscillator transverse mode usually followed that of the pump laser, predominately TEMoo. Occasionally higher order modes were observed, and if the OPO mirrors became sufficiently damaged, the mode was very fragmented, bearing no relationship to the laser mode.
We have also observed the unique multiple-pulsing behavior of an internal OPO first discussed and observed by Falk et al.' 6 At low drive levels, only a single OPO pulse is observed, as shown for our 1 6 -,4 oscillator in Fig. 11 (a) along with an oscilloscope trace of the depleted pump pulse. Although the undepleted pump pulse width is 100-130 nsec, the OPO pulse width is only 20-25 nsec long [this is very near the resolution of our detection system (20 nsec); much shorter pulses can be expected' 6 ] and its peak occurs roughly near the peak of the undepleted pump pulse.
As the laser drive is increased, a second OPO pulse, and then a third appear as shown in Figs. 11(b) and 11(c). Note the stretching of the depleted pump pulse from 130 nsec (no oscillation) to over 200 nsec as multiple-pulse operation sets in. Further pump pulse stretching is limited by the high-Q time of our rotating mirror Q-switch. The appearance of the multiple-pulsing behavior is evidence of efficient OPO operation; the OPO is pumped so hard that it can dump the laser and actually drive the 1.06-,u field to zero.1 6 Total average powers as high as 20 mW have been observed in the oscillators reported here, and higher powers would be expected with higher transmission OPO mirrors.
IV. Summary
By placing the nonlinear crystal inside the pump laser resonator, we have been able to measure parametric fluorescence in the infrared for the first time. The observed fluorescence total power, peak power, and bandwidth agree well with the plane-wave theory of Byer and Harris.' 2 The techniques reported here should be applicable to other ir-pumped OPO systems where fluorescence measurements are desired but have been prevented by pump power limitations.
We have also reported the operating characteristics of two 1.064-,-pumped pulsed, LiNbO 3 parametric oscillators. The two oscillators were doubly resonant, operated internal to the pump laser resonator, and provided tuning over most of the wavelength range from 1.51 pt to 3.55 . The oscillators were multifrequency but had bandwidths (1.7-45 cm-') an order of magnitude smaller than expected from the fluorescence measurements. The smaller bandwidths were attributed to near-steady-state operation and the cavity-dumping properties of an internal, pulsed parametric oscillator. Distinct longitudinal mode structure in an OPO was reported for the first time. Reasonable average powers (6 mW) and conversion efficiencies (10%) and good peak powers (600 W) and efficiencies (50%) were observed.
